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bstract

With the aim of obtaining nanodevices as batteries, sensors and fuel cells, we prepared V2O5 and V3O7·H2O nanobelts by a simple hydrothermal
rocess using poly (ethylene oxide) (PEO) as a template. The yielding percentage of the nanomaterial is less in polymer-free V2O5 nanobelts and
aterial size is also big. It is apparent that PEO used V3O7·H2O form a continuous and relatively homogeneous matrix with a clearly 1–5 �m long

nd 50–150 nm diameter nanobelts morphology. The SEM micrographs suggest that there is no bulk deposition of polymer on the surface of the

ano-crystallites. Strong interaction between the vanadyl group and the polymer during the formation process has been identified by the shifts of
he vanadyl vibration peaks. The CV curve of the electrode made of the V3O7·H2O nanobelts have higher current densities than the CV curve of
he electrode made of V2O5 nanobelts.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Nanoporous materials (nanostructures), which are considered
s intermediates between classical molecular scale and micro-
ized entities, constitute a rapidly growing field of scientific
nterest and industrial applications. Well-defined structures of
his length scale are difficult to obtain because neither typical
hysical tailoring techniques nor planned chemical synthesis
re especially applicable in this size domain. Since chemical
eactivity and physical properties in the nanoregion are strongly
ependent on the size of the structures, such materials are very
nteresting in many respects, particularly for the production of
ighly functional, finely dispersible, and resource-saving base
aterials for nanodevices. Nanoparticles may be of quite dif-

erent shapes such as spheroids, mushrooms [1], platelets, rods,

r tubes; the form adopted plays a large role in determining the
asic properties, for example, isotropic or anisotropic behavior
nd region-dependent surface reactivity.

∗ Corresponding author. Tel.: +1 601 979 3613; fax: +1 601 979 3630.
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A nanobelt is a nanostructure with rectangular flat tips at the
dges. Low dimensional nanostructures of vanadium oxides and
heir derivatives, including nanoparticles, nanotubes, nanorods,
anobelts, and nanosheets have attracted intensive interest due
o their novel physicochemical properties and potential appli-
ations in high-energy lithium batteries and chemical sensors.
mong them nanobelts with a rectangular cross-section are

nteresting and expected to represent important building blocks
or nanodevices due to higher surface area comparing the
anorods and nanotubes. This higher surface area is useful for
arge number Li+ intercalation.

The anisotropic structure of tubular materials, such as the
ell investigated nanotubes of carbon [2], WS2 [3], and TiO2

3], is linked to interesting physical and chemical properties [4].
t present, such materials are the focus of worldwide inves-

igations because of their outstanding properties that open up
isions of various applications as multifunctional nanodevices
5]. Vanadium metal is known to be a catalytically active cen-

er in different molecular complexes and inorganic materials.
anadium peroxo complexes have been used as catalysts and

n stoichiometrically conducted reactions as oxo-reagents for
lcohols, arenas, alkenes and thioethers [6,7].
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Vanadium oxide hydrate (V3O7·H2O), one of the vanadium
xyhydroxides containing V5+ and V4+ in a ratio of 2:1, is
f interest because of its layered structure and redox activ-
ty [7]. Much effort has been expended on the synthesis of
ow dimensional nanostructured vanadium oxides. Nesper and
oworkers used neutral surfactant molecules such as primary
liphatic amines, together with vanadium alkoxide precursors to
enerate redox-active vanadium oxide nanotubes by hydrother-
al method, which is a cost-effective and simple method [8].
i et al. reported the synthesis of V3O7·H2O nanobelts using
ydrothermal method from V2O5 powder in the presence of
ydrochloric acid [9]. Qiao et al. reported the synthesis of
3O7·H2O nanobelt cathodes for lithium-ion batteries [10]. Li

nd coworkers reported the synthesis of nanobelts of metastable
anadium dioxide single-crystal by hydrothermal technique
sing formic acid as a reducing agent [11]. However, the synthe-
is of pure V3O7·H2O low dimensional nanostructures remains
hallenging to materials scientists. In this work, the synthesis of
2O5 nanobelts and V3O7·H2O nanobelts by hydrothermal pro-

ess from V2O5 xerogel, and their application to the electrode
aterials for electrochemical applications are reported.

. Experimental

.1. Synthesis of vanadium oxide nanobelts

The syntheses of template and template-free V2O5 nanobelts
ere performed in three stages. The first step consisted of the
reparation of V2O5 xerogels [12]. In the second step, 20 ml
olution of PEO was added to the 50 ml of V2O5 xerogel (molar
atio V2O5 xerogel/PEO = 1:0, 0.5 and 1). The resulting light
lack mixture was stirred for 24 h. Finally, the vanadium oxide
nd the different composition of vanadium oxide-PEO compos-
te were heated under hydrothermal conditions in a Teflon-lined
utoclave at 140 ◦C for 7 days. The resulting green powder was
ashed with ethanol and distilled water and then dried under
acuum at 100 ◦C for about 10 h.

.2. Characterization

X-ray powder diffraction (XRD) pattern were recorded on
ZG4/B-PC diffractometer operating with the Co K� radiation

nd graphite monochrometer. Fourier transform infrared (FTIR)
bsorption spectra of the films were recorded using a 60-SXB
R spectrometer with a resolution of 4 cm−1. The measurements
ere taken over a wave number range, 400–4000 cm−1. Scan-
ing electron microscope (SEM) recordings were obtained by
sing a JSM-5610LV microscope. For the DSC measurements
Netzsch STA 409 PC, operating in dynamic mode (heating

ate = 10 K min−1), was employed under N2 gas atmosphere.
amples of≈5 mg weight were placed in sealed aluminium pans.
rior to use the calorimeter was calibrated with metal standards;
n empty aluminium pan being used as a reference. The elec-

rochemical properties of the V2O5 and V3O7·H2O nanobelts
ere investigated by using a three-electrode cell with a plat-

num counter electrode and a silver wire in the 0.1 mol l−1 AgCl
olution as the reference electrode. The working electrode, pre-

o
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g
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ared by mixing 75 wt% of active material, 20 wt% of carbon
lack and 5 wt% of ethylene cellulose, was then coated on a
.5-cm2 ITO glass. A 1-mol l−1 solution of lithium perchlorate
99.99%, Aldrich) in propylene carbonate (99.7%, Aldrich) was
sed as the electrolyte. Cyclic voltammetric (CV) measurements
ere carried out between the potential limits of −1.0 and 1.0 V

gainst Ag/AgCl using a potentiostat/galvanostat (Zahner IM6).
he CV curves were recorded at a scan rate of 10 mV s−1.

. Results and discussion

Scanning electron micrographs of template-free V2O5
anobelts and template used V3O7·H2O nanobelts are shown
n Fig. 1. The yielding percentage of the nanobelts is less
n template-free V2O5 nanomaterial and material size is also
igger. It is apparent that V3O7·H2O forms a continuous and
elatively homogeneous matrix with a clearly 1–5 �m long and
0–150 nm diameter nanobelts morphology. It is evident that
he incorporation of PEO into the lattice during the V3O7·H2O
anobelts formation process leads to morphological changes.

Fig. 2 shows the XRD patterns of the V2O5 nanobelts and
anadium oxide hydrate (V3O7·H2O) nanobelts prepared by the
ydrothermal processes with template-free and with template
PEO) used, respectively. The strongest peak observed at the
ow angle corresponds to the (0 0 1) plane of the layered V2O5
tructure in vanadium oxide nanobelts. All remaining diffraction
eaks can be indexed to the orthorhombic system with the lattice
onstants a = 11.516 Å, b = 3.5656 Å and c = 4.37275 Å (JCPDS
41–1426) [13–14]. All diffraction peaks of the vanadium oxide
ydrate (V3O7·H2O) can be indexed to the orthorhombic system
ith the lattice constants a = 9.34 Å, b = 17.0 Å and c = 3.626 Å

JCPDS 28-1433). No peaks related to polymers were observed
n the XRD pattern of vanadium oxide hydrate (V3O7·H2O)
anobelts. Vanadium oxides with mixed valency, containing V5+

s well as V4+ cations, were usually obtained by hydrothermal
rocessing of precursor and reductive organic molecules [15].
n the present study, during the hydrothermal synthetic process
rom the V2O5 xerogel, the polymer PEO served as a template
s well as a reducing agent. The products were in green colour
fter the hydrothermal process, which indicates V5+ cations par-
ially reduced to V4+ cations. The PEO played a critical role in
he formation of V3O7·H2O nanobelts during the hydrothermal
rocess. Polymers such as PVP, PEO, and PEG are multidentate
igands with poly functional groups, which can serve as bridging
igands to form multinuclear complexes [16]. We assumed that a
oordination complex PEOx-V3O7·H2O was formed during the
ydrothermal processes, based on the phase diagram of V (V)
n aqueous solutions [8]. The PEO molecule chain may afford
ts O atoms to coordinate with the polyvanadate ions.

The IR spectra of template-free V2O5 nanobelts and tem-
late used V3O7·H2O nanobelts are shown in Fig. 3. A broad
and at 3472 cm−1 corresponding to the O–H vibration con-
rms [12] the presence of water in the V2O5 xerogel before use

f the template. The V2O5 nanobelts exhibit three main vibra-
ion modes in the 500–1040 cm−1 region. The terminal oxygen
ymmetric stretching mode (νs) of V O and the bridge oxy-
en asymmetric and symmetric stretching modes (νas and νs) of
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Fig. 2. XRD patterns of the vanadium oxide (V2O5) and vanadium oxide hydrate
(V3O7·H2O) nanobelts.

Fig. 3. IR spectra of nanobelts of (a) template-free V2O5, (b) 0.5 M template
used V3O7·H2O, and (c) 1 M template used V3O7·H2O.
ig. 1. SEM micrographs of nanobelts of (a) template-free V2O5, (b) 0.5 M
emplate used V3O7·H2O, and (c) 1 M template used V3O7·H2O.

–O–V are at 1022, 850 and 524 cm−1, respectively [12]. The νs
V–O–V) and νas (V–O–V) modes shift to longer wave numbers.
he νas (V–O–V) mode shifts from 850 cm−1 to 970 cm−1. The
s (V–O–V) mode moves from 524 cm−1 to 570 cm−1 and the

s (V O) band shifts from 1022 cm−1 to 1029 cm−1 [17]. The
hifts in the vibration modes (νas and νs) indicate the reduction
f the vanadium oxidation state.

Fig. 4. TG-DSC curves of 0.5 M template used V3O7·H2O nanobelts.
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Fig. 5. Cyclic voltammograms of nanobelts of (a) template-free V2O5, (b) 0.5 M
template used V3O7·H2O, and (c) 1 M template used V3O7·H2O obtained with
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Chem. 603 (2007) 287.
can rate 10 mV s−1 in a 1 M LiClO4 dissolved in propylene carbonate elec-
rolyte.

Fig. 4 shows the thermogravimetry (TG) and differen-
ial scanning calorimetry (DSC) curves of the template used

3O7·H2O nanobelts. The TG curves can be divided into three
emperature domains of 40–90, 90–270 and 270–460 ◦C. The
rst step up to 90 ◦C is attributed to removal of water. Next
eight loss until 190 ◦C is due to the combustion of the polymer

omponent. The abrupt weight loss around 150 ◦C is assigned
o the decomposition of the ethylene oxide groups of the poly-
er. A mass gain to 460 ◦C is ascribed to the exothermic oxygen

ptake, which occurs together with the conversion of V4+ into
5+ [18].
Cyclic voltammograms of template-free V2O5 nanobelts and

emplate used V3O7·H2O nanobelts are shown in Fig. 5. The
yclic voltammograms of the template-free V2O5 nanobelts
how broad cathodic reduction peak at −0.07 V, which corre-
ponds to Li+ intercalation (electrical energy is stored in the
orm of a chemical potential) and anodic oxidation peak at
.77 V, which is attributed to Li+ extraction (chemical energy is
eleased in the form of electricity). The cyclic voltammograms

f the template used V3O7·H2O nanobelts also show cathodic
eak at −0.05 V (Fig. 5b) and 0.07 V (Fig. 5c), and anodic peak
t 0.64 V (Fig. 5b), and 0.65 V (Fig. 5c). The CV curve of the
lectrode made of the V3O7·H2O nanobelts have higher cur-

[
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[
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ent densities than the CV curve of the electrode made of V2O5
anobelts.

. Conclusions

Template-free V2O5 nanobelts and template used V3O7·H2O
anobelts have been synthesized and subjected to various
haracterizations. Thermal characteristics of template used
3O7·H2O nanobelts were assessed by thermal analysis method.
he decomposition route was found to be a three-step process.
he cyclic voltammogram measurements show that template
sed V3O7·H2O nanobelts have higher Li+ ions intercalation
han the template-free V2O5 nanobelts.
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